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Abstract

Multifunctional membranes applied to biomedical materials become attractive to support the biological agents and
increase their properties. In this study, biopolymeric fibers based on polycaprolactone (PCL) and pectin (PEC) were rein-
forced with faujasite zeolite (FAU) for cloxacillin antibiotic (CLX) loading. FAU with a high specific surface area (347 +8
m? g1, high crystallinity and particles with a diameter of up to 100 nm were produced under optimized synthesis
conditions (100 °C/4 h). Zeolites were incorporated into polymeric nanofibers to be a cloxacillin (CLX) carrier in wound
treatment, using electrospinning as an efficient synthesis method. The fibers produced showed good mechanical resist-
ance and the incorporation of CLX was proven by assays to inhibit the growth of Staphylococcus aureus bacteria. The
controlled release of CLX in different pH conditions, which simulate the wound environment, was carried out for up to
229 h, achieving a released CLX concentration of up to 6.18+0.02 mg L™". These results prove that obtaining a hybrid fiber
(polymer-zeolite) to incorporate drugs to be released in a controlled manner was successfully achieved. The bactericidal
activity of this material shows that its use for measured applications could be an alternative to conventional methods.
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1 Introduction

Wound dressings are part of biomedical materials essential to skin infections, acting as external barrier protection (physi-
cal, chemical, and biological) and drug release systems [1]. Bactericidal dressings have the advantages of non-invasive
administration, protection against external entry of harmful microorganisms, and easy application [2]. Furthermore,
encapsulate administrations can minimize the drug excess when applied directly to the skin, releasing control [3, 4]. This
way, modulating the result is possible from the best performance in the therapeutic window due to the excreted frac-
tion, avoiding high concentration in the bloodstream, which results in toxicity [5, 6]. The efficiency depends on dermal
compatibility, good fixation, mechanical flexibility, and the ability to encapsulate biological agents for release [7, 81.
Polymeric fiber membranes are an excellent alternative to matrix dressing, increasing the surface area, porosity, and
versatility, promoting a favorable drug incorporating and posterior release, and dressing more significant contact with
the infected area [9-11]. Controlled release minimizes the toxicity due to high doses of application, as well as eliminating
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the inconvenience of continuous invasive application. However, producing polymeric membranes with such properties
is a major challenge that requires new synthetic routes to achieve a chemical composition that guarantees stability for
the application and compatibility with the cell structure [12]. The electrospinning method is a technique that allows
the transformation of a variety of polymers into fibers with controlled morphology and composition [12-14]. The fibers
obtained through this technique have proven to be efficient in encapsulating drugs and maintaining an environment for
the regeneration of the biological system, making them attractive for producing materials that improve the treatment
of wounds and infected areas [2, 10].

Biocompatible polymers such as polyvinyl alcohol (PVA), polylactic acid (PLA), and polycaprolactone (PCL) support
arange of antimicrobial agents against bacteria, fungi, and viruses associated with different diseases [15]. Additionally,
biologically compatible, biodegradable, and low-cost products are desirable for these dressings, minimizing the envi-
ronmental impact and production costs [16, 17]. Polycaprolactone (PCL) is a polyester synthetic polymer with elastic,
biodegradable, and hydrophobic characteristics approved by the United States Food and Drug Administration (FDA).
In biomedical applications, PCL fiber membranes have demonstrated the capacity to increase drug encapsulation and
microbial control [12, 18]. On the other hand, pectin (PEC) is a polymer with glycosidic bonds, many branches, and
hydroxyl groups, which gives it a hydrophilic character and hydrocolloid properties [18, 19]. Other advantages of their
use are low cost, renewable, biocompatible, and high availability. Combining polymers has advantages for these mem-
branes, improving the type of drugs incorporated, behavior release, adhesion skin, and permeability by adding other
carrier agents [20-22]. Studies involving the combination of polymers with different characteristics can overcome these
limitations and lead to a superior medical treatment [23]. In particular, the PCL:PEC (PP) blend proposal for wound dress-
ing is an interesting material for evaluating miscibility and compatibility.

Polymeric fiber membranes with the addition of particulates (ceramics, polymers, etc.) show advantageous charac-
teristics for dressing production, exhibiting improvement since mechanical properties and external barrier [24-27]. The
presence of active particles between the chain polymeric help to absorb the tension traction and increase sites in the
membrane that are available to electrostatic interaction, covalent bonds, and others. The usual reinforcement materi-
als are as nanocellulose [28], general oxides [29], clays [12], silicates [30], and zeolites [31] are examples of biomedical
materials applications. Zeolites are aluminosilicates with tridimensional structures that are porous, chemically stable,
and biocompatible [32, 33]. In particular, Faujasite (FAU) is one zeolite family with high surface area and efficient dis-
persibility, allowing homogeneous distribution and more effective reinforcement properties [34]. In addition to these
characteristics, FAU zeolite’s biocompatibility and stability in biological environments (carrier agent and target molecule
affinity) make it an exciting material for biological applications [34, 35]. In this context, using FAU can be a promising
way to improve the resistance traction of the fiber membranes based on the present work on PCL:PEC:FAU (PPF) turning
more efficient to a wound dressing.

Polymeric fiber membranes with the addition of particulates (ceramics, polymers, etc.) show advantageous character-
istics for dressing production, exhibiting improvement since mechanical properties and external barriers are examples
in biomedical applications [36]. Zeolites are aluminosilicates with tridimensional structures, porous, chemically stable,
and biocompatible. Faujasite (FAU) is one zeolite family with high surface area and good dispersibility, allowing homo-
geneous distribution efficiency and more effective reinforcement properties. In addition to these characteristics, FAU
zeolite's biocompatibility and stability in biological environments (carrier agent and target molecule affinity) make it an
exciting material for biological applications. Polymeric blends containing 3D ceramic structures as drug carriers requires
well-controlled synthesis methods. In this context, using FAU can be a promising way to improve the resistance traction
of the fiber membranes based on the present work on PCL:PEC:FAU (PPF) turning efficient to wound dressing.

The literature [37, 38] on biomedical materials has recently increased from dressing healing to surgical improvement
applications. The system PCL:PEC:FAU (PPF) is not entirely reported in the literature [39-41], including fiber membranes,
drug release, and antimicrobial activity. The production of a mixture of PCL:PEC polymers to incorporate the FAU zeolite
as a drug carrier, stable during release and biodegradable afterward, is a proposal applicable in the health application.
Furthermore, if it is proven that the incorporation of the drug into the fiber is effective, the material could also be applied
in bactericidal activity studies [42, 43]. A search of the literature did not find other studies with this material composition
with the goal for the immobilization of drugs. Thus, the present work studied the affinity of polycaprolactone and pectin
to form fibers and the effect of zeolite insertion as mechanical reinforcement. Staphylococcus aureus (Gram-positive)
inhibition assays were used to prove the bactericidal activity. Staphylococcus spp is one of the microorganisms respon-
sible for various infections, skin diseases, and open wounds. The treatment is commonly based on the application of
antibiotics such as cloxacillin, cephalexin, and others [44, 45]. In the present work, sodium cloxacillin (CLX) was used as a
drug model and incorporated into wound dressing. Furthermore, CLX-controlled release studies were conducted using
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different aqueous solutions and buffers simulating biological conditions. This way, the present work expects to contribute
to the biomedical literature by exhibiting an alternative system to drug release and biological control.

2 Materials and methods
2.1 Faujasite zeolite (FAU) synthesis

Faujasite synthesis was based on the methodology of Meirelles et al. [46]. Initially, 3.52 g of sodium aluminate [Al,O,
(50-56%) Na,O (37-45%) Sigma-Aldrich] was solubilized in 25 mL of deionized water under magnetic stirring at room
temperature. Next, 10.85 g of sodium hydroxide (NaOH, 97%, Synth) solubilized in 25 mL water deionized was added
into the sodium aluminate solution. In sequence, 50 mL of deionized water was added to complete the total volume.
Next, 16.22 g of SiO, (Aerosil 380, Evonik) was continuously added into the reaction medium to obtain a gel. The gel was
aged for 24 h under static and ambient conditions. Then, the gel was subjected to hydrothermal treatment at a heating
rate of 3 °C min~" up to 100 °C for 3 h.

2.2 Polycaprolactone: pectin (PP) fiber membranes

The methodology for producing PCL:PEC (PP) fibers was adapted from Malafatti et al. [47]. Initially, polycaprolactone
(PCL, 50,000 MW, Perstorp) was solubilized in chloroform (99.8%, Synth), with posterior addition of dimethyl sulfoxide
(DMSO, 99.9%, Synth). PCL was added to obtain a 10% (w w™) of total volume and ratio of solvents chloroform:DMSO
corresponding to 4:1 (v v™"). For PP blends, pectin (PEC, Genu USP B—CPKelco) was dispersed in previous agitation for
30 min in DMSO solvent, being mixed with PCL solubilized in chloroform. Regarding the PCL weight, different propor-
tions of PEC were evaluated from 0, 10, 20, 30, and 50% (w w™"). The fibers were identified as PP X, being X an amount
percentual added in the initial polymeric solution.

The electrospinning system consists of a Glassman High Voltage brand Glassman High Voltage, model PS/
FC60P02.0-22, an ejector pump of the KVS model 100 ejector pump, a 20 mL Art Glass syringe, and 40 x 1.2 mm needle.
In an electrospinning system, the polymer solution, previously prepared, is inserted into a syringe that is coupled to
a metal needle connected to a high-voltage source. The ejector pump is responsible for forcing the polymer solution
out through the orifice of the needle. In this process, the polymer solution is pushed out of the syringe, forming a drop,
deformed to form a Taylor cone. When the applied tension exceeds the droplet’s surface tension, a jet of the polymer
solution is ejected, causing the polymer to stretch and the solvent to evaporate [48]. This fiber polymeric is collected in
the (grounded) metalic collector under 180 rpm rotation to cover the entire surface and was set up so that the needle
was fixed at 10 cm from the cylindrical metal collector covered with aluminum foil. The fibers were electrospinning until
the precursor solution in the syringe was completely consumed using a flow of 1.2 mL h™" and a voltage of 20 kV. After
electrospinning, the fibers were collected from the foil.

2.3 PCL:PEC:FAU fibers (PPF) membranes

The PCL:PEC:FAU (PPF) nanocomposite fibers were performed using the PP 10, corresponding to 10% (w w™') PEC.
Concerning PCL weight, FAU zeolite (2.5% w w™') was added to the PP precursor solution. After adding the FAU, the
solution was kept stirring for 1 h. Electrospinning was then carried out under the same conditions described in item 2.2.
The sample was identified as PPF.

2.4 Cloxacillin (CLX) incorporated into PPF membranes
The insertion of sodium cloxacillin (CLX, INLAB) was evaluated using PCL pure fibers, PP 10 blend, and PPF nanocom-
posite. The procedure consisted of 20% (w w™") of PCL weight in polymeric solution solubilized and homogeneized. The

mixture was kept stirring for 1 h until the CLX was solubilized. Then, the fibers were electrospun using the conditions
described in item 2.2. The samples were identified as PCLCLX, PPCLX, and PPFCLX.
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2.5 Materials characterization

X-ray diffraction analysis was carried out on Shimadzu® equipment, model LabX XRD-6000, using Cu-Ka radiation of
A=1.5406 A. The scan was performed continuously at 1° min~" with 26 ranging from 5 to 50°. The adsorption/desorp-
tion N, analysis using the Brunauer-Emmett-Teller (BET) method was carried out on the ASAP 2020 equipment (Micro-
metrics). Previously, 100 mg of the sample was pre-treated at 100°C under a pressure of 10 umHg. The Zeta Potential
was performed at the Malvern Instruments—Zetasizer Nano ZS90. The measurements used 1 mg of zeolite dispersed
in 15 mL of deionized water and sonicated in a tip ultrasound for 20 s, at 5 s intervals, with an amplitude of 20%. The
measurements were made in triplicate. The FTIR (Fourier Transformed Infrared Spectroscopy) analyses were carried out
on Bruker equipment (Vertex 70) using the ATR (Attenuated Total Reflectance) mode. The spectra were generated with
32 scans from 4000 to 400 cm™" and a resolution of 4 cm™'.

The morphology of the fibers and particles was analyzed using a scanning electron microscope (SEM, JEOL 6510).
For the fibers, squares of approximately 5 mm? in area were applied to a carbon tape on a metal stub. The samples were
then coated with gold using a Leica SCD 050 metallizer. FAU particles were deposited directly on the carbon tape in a
metal stub, and then an air flow was used to remove the loose particles without needing metal coating. A DMA Q800
V21.3 Build 96 equipment was used for the mechanical tensile test. The measurements were taken by applying the clamp
module and varying the traction force by 1 N s™" until the membrane broke. In this analysis, rectangular specimens
measuring 6.32 x 18.48 mm were used, with the thickness varying according to the deposition of the fibers during the
electrospinning process. Thermogravimetric (TG) analysis was performed on a TA instrument (Q500 Series), and 6 to
10 mg of each sample was previously dried in an oven. The samples were then analyzed under a flow of 40 mL min~" of
N, and 60 mL min~' of synthetic air, a heating rate of 10 °C min~" in a temperature range between 40 and 700 °C. The
contact angle was measured on KSV Instruments equipment (CAM 101). Droplets with a volume of 3-5 uL of water were
used to calculate the drop angle during 60 s deposition on the fiber.

2.6 Antimicrobial activity

The bactericidal activity of the mat fibers with the cloxacillin antibiotic was investigated by the disc diffusion method
[12] using the microorganism Staphylococcus aureus (INCQS 15 ATCC 25923). Initially, a previous inoculum was prepared
at 36 °C by adjusting the concentration to 1.10° cells using the McFarland scale using ultraviolet-visible spectroscopy
(625 nm). In a Petri dish containing Miiller-Hinton agar, 100 uL of this inoculated suspension was plated. Posterior, the
materials of interest were deposited on a plate and incubated in an oven at 36 °C for 12 h. The test was performed on
the FAU, antibiotic powders, and cut fiber discs (PCL, PCLCLX, PPF, and PPFCLX). After this period, the zone of bacterial
growth inhibition was measured using a caliper (triplicate).

2.7 CLXrelease assays

PPFCLX (75 mg) was added to 250 mL of ultrapure water, 5 mmol L phosphate buffer solution (pH=5.5), or 5 mmol
carbonate buffer solution. mmol L™' (pH =5.5). The experiments were kept at 37 °C, simulating body temperature, and
mechanically stirred for up to 229 h. Aliquots (0-229 h) of the solution were collected. The CLX concentration was ana-
lyzed by high-performance liquid chromatography (HPLC) using Agilent equipment, 1260 Infinity Il model, UV-VIS detec-
tor (205 nm), Poroshel 120 column, C-18, 4.6 x 100 mm, 4 um, 40 °C. Separation was achieved using a 0.001% formic acid
(AF, v v~ ")/Acetonitrile (ACN) mobile phase at a flow rate of 0.8 mL min~' in isocratic mode (50%AF:50%ACN). A calibration
curve was constructed for the linear range of 0.1—10 mg L™ from the pure CLX standard (99%, Sigma Aldrich). The limit
of quantification (LOQ), the limit of detection (LOD), and the linear correlation coefficient (R?) were LOQ=0.292 mg L™,
LOD=0.087 mg L™, and R?=0.999, respectively.

3 Results and discussion

3.1 FAU characterization

Figure 1a shows the X-ray diffractograms of the synthesized FAU and the silica precursor. SiO, (Aerosil 380) exhibits amor-
phous characteristics with a single broadband peak centered at 2e 22.3°, typical for this material. The obtained zeolite
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exhibits a diffractogram with profile peaks (26) corresponding to the formation of the FAU phase relative to pattern card
JCPDS no 043-0168 [49]. The baseline definition and intensity of diffraction peaks demonstrate a monophasic FAU crystal-
linity. The absence of additional peaks indicates no secondary phases under this condition. This result corroborates what
is reported in the literature [50-52]. Furthermore, it is essential to elucidate that the zeolite phase is influenced by the
synthesis time, and even slight variations in the heat treatment became competitive with other zeolite structures [50, 53].

The crystallization of zeolites into structures with different dimensions is strongly related to the hydrothermal treat-
ment time. This behavior occurs because the crystallization seeds can grow into small-diameter structures, dissolve again,
and recrystallize into organized structures [54]. SEM analysis was performed to verify the morphology transformations,
as shown in Fig. 1b. Image analysis shows that FAU zeolite has an increased dimension with particles agglomerate and
polydisperse, ranging from 100 to 2500 nm.

Concerning surface properties, this FAU synthesized exhibited an external surface area of 347+8 m?g~',29+8 m? g™’
of specific surface area, and 318 +8 m? g~' of the pore area. These values reinforce the formation of the FAU zeolite. Thus,
the obtained zeolite shows a porosity typical for this class material with range values with a three-dimensional pore
structure characterized by a large area [55]. About the charge surface, the zeta potential ({) corresponds to—48 +2 mV.
The negative value is explained by the deprotonation of siloxane groups in the zeolite structure, which is characteristic
of the material, according to other reports in the literature [56]. This higher value is an essential property of this material
about the external interaction and stability in suspension. Higher surface charge values promote a repulsion particle,
reducing sedimentation by agglomerate formation. Thus, by adding FAU during the polymeric solution, this material
could perform better, improving a homogeneous distribution and an excellent mechanical response.

3.2 PP and PPF fiber membranes

PP polymeric blends were analyzed by SEM analysis (Fig. 2), verifying the effect of pectin addition in the morphology. PCL
pure membranes (Fig. 2a) showed fibers with 127 £ 52 nm diameter. The addition of PEC (10, 20, 30, and 50%) showed
similar behavior to PCL pure fibers with efficient homogeneity with values of 147+£51 nm, 157£79 nm, 155+ 54 nm,
and 131 £46 nm, respectively. Additionally, the materials showed efficient fiber formation, with tiny beads distributed
in the overall structure. The beads are naturally present in polymer fibers due to the collapse of the polymer during fiber
production [57]. In any case, the electrospinning fibers were successfully produced at all PP blends.

The thermal behavior of the PP fibers was performed by thermogravimetric analysis (TGA), verifying the effect of PEC
addition, showed in Fig. 3. First are the mass loss events for PEC and PCL, as PEC is more susceptible to degradation at
lower temperatures than PCL. For PEC, between 200 and 430 °C, a mass loss superior to 60% is observed for PEC, which
can be associated with the degradation of the  pectin chain. The 200-250 °C event is attributed to the chemical bond
breakage in the PEC cyclic structure [19]. A single transition event on PCL is confirmed between 350 and 400 °C, revealing
its superior resistance to thermal degradation than PEC.

The PCL thermal degradation is associated with the molecule’s bond breakage to produce gases and water and,
consequently, the depolymerization of the molecular structure [21]. The PP fibers with different PEC concentrations
showed thermal degradation behavior like PCL, even for the higher (30% PEC) [58]. For all PP blends, 10-50% PEC is
verified around 420-450 °C a mass loss event (about 10%) in the same region observed for PEC. Additionally, increasing
PEC percentual is not observed as a proportional mass loss. This result could be related to partial miscibility; only part
of this polymer can interact with PCL to chain structural differences, corroborating the visual observation in the syringe
during electrospinning (PEC decantation).

The partial miscibility of PCL and PEC can be relative to the opposite properties found in polymeric chains. PCL is a
hydrophobic polymer due to its long carbon chain. At the same time, PEC is known to be hydrophilic, attributed to the
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carboxylic and hydroxyl surface groups [7, 19]. Once both exhibit characteristics that can affect their barrier to external
humidity and water affinity, the wettability assay performed for the PP fibers was also investigated in this study.

Figure 4 shows PP with all different PEC additions with a higher contact angle value against water, like PCL pure fibers.
The PCL (126 + 13°) showed the highest contact angle due to its elevated hydrophobicity. The fiber PP 10 showed an angle
of 104 £ 5°, the maximum decrease, but with no statistical relevance. However, as expected, the PEC insertion in PP fibers
did not promote the consecutive hydrophilicity increase. This result could be correlated in Fig. 3 by TGA analysis, which
did not observe the significative mass loss relative to PEC with the polymer addition, indicating the effective increase of
PEC in superior initial concentrations.

Furthermore, the simple mixture of PCL and PEC did not result in a progressive hydrophobicity or range of hydro-
philicity. In this case, the PP 10 blend is the maximum additional to be incorporated into PCL, with predominant hydro-
phobic properties. In this case, a wound dressing with this property can act as an external barrier to humidity, essential
to preserving the infection area against external contamination. It is important to emphasize that blending materials
allows the control-release of different drugs into biological systems, external barriers, and adhesion skin, maximizing
the combat against microbial infection [59].

PP 10 fiber membranes were chosen as the blend to be considered in this work once the TGA (Fig. 3) and contact angle
(Fig. 4) showed that superior additions were not effectively inserted and did not favor their properties. The stability of
a wounding dressing is essential to guarantee that the polymeric matrix maintains the desirable characteristics. In this
case, PCL and PP 10 fibers were submitted to a swelling (Fig. 5) and degradability assay (Fig. 6) in a phosphate buffer
solution (pH 5.5), simulating the pH of human skin. The test was performed for 60 days using gravimetric assays. Figure 5

Fig.4 Angle contactimages [ -
of fibers a PCL, b PP 10, ¢ PP ‘(a)
20.d PP 30, and e PP 50

(py ™
126x.132 104 = 5°

121 = 6° 119 = 5° 123+ 13°
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phosphate buffer pH 5.5
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shows that the PCL and PP fiber membranes or the reinforced fibers with different percentages of PEC did not show any
significant mass variation, even in more extended periods up to 60 days. This result correlates with the previous result
(Fig. 4) that showed the lower water affinity water, leading to swelling membranes or their structure degradation.

SEM images were performed on PCL and PP 10, once this indicated the maximum that could be blended to check for
possible interactions with an external medium. Breakpoints in structure fibers were found in both PCL and PP 10 after
the end of the experiment (Fig. 5b, c). However, PP 10 (Fig. 5¢) can observe more rupture points in the fiber structure. A
possible association to the highest number of breaking points observed for PP 10 could be associated with PEC pres-
ence and their hydrophilic and acidity properties, favorably external interaction. This way, PP 10 demonstrated efficient
structure stability for a possible membrane to be applied as a wound dressing.
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The PP 10 fiber membranes results showed the best combination of the PCL and PEC polymers, being the choice as
the polymeric matrix for FAU zeolite insertion. FAU particulate 2.5% (w w™') was evaluated to improve the mechanical
properties of the PP 10 membrane. In Fig. 6a, it is possible to observe that in PPF, a formation of PEC regions with good
homogeneity in all polymeric surfaces. Thus, the FAU presence could be contributed as hydrophilic material to establish
PEC polymer, increasing their dispersion, which was not previously observed in Fig. 2b-e for PP blends.

The EDS-SEM spectrum in Fig. 6¢c shows a composition of PPF fiber membranes, making it possible to check the pres-
ence of atomic elements Si, Al, and Na from FAU zeolite. The highest count of C element is relative to both chain polymers
that form the fiber membranes. The EDS-SEM image (Fig. 6d) also suggests FAU disperses with agglomeration in the PPF
membrane. Hence, PPF mechanical results showed that FAU insertion turns the membrane more resistant to manipula-
tion and break, an essential property of wound dressing.

In Fig. 7a, it is verified PCL and PP 10 traction resistance values of 0.46 +0.07 and 0.63 + 0.03, respectively. The average
strain at fracture corresponds to 7.6 £ 0.5 and 6.1 £ 0.5 for PCL and PP 10, respectively. These results show that while FAU
increases the tensile strength at fracture, the deformation capacity of fibers is impaired, and they can break more easily.
Adding FAU in the PP 10 blend allows the nanocomposite PPF to have a superior stress value of 3.1 +0.3 MPa and strain
deformation of 5.5 +0.4%. This higher resistance of traction in PPF by FAU insertion is due to the possible intercalation
between polymeric chains, which is necessary for a more potent force to rupture the membrane. The result corroborates
with the literature [60, 61] that particulates intercalated in polymeric matrix improve the stress resistance.

Another favorable contribution of FAU insertion in PPF nanocomposite is the hydrophilicity with the value of angle
contact corresponding to 97 + 19°, The value found is inferior to PP 10 (104 + 5°). Thus, the incorporation of lower FAU
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Fig.8 SEM image of PPFCLX
sample (a), FTIR structural
analysis (b), and high magni-
fication of the FTIR spectra to
CLX detection region (c)

5 \/ il
oy i
:‘z‘ \ If\f
7] s
c [ 57]
3 .
€ fox 7Y ‘ W
3614 3362 1765 |, 1496 135 / =
to00” 1600 9 47 i
4000 3200 1600 800 1800 1500

Wavenumber / cm™

(2.5%) resulted in a considerable increase in the material’s hydrophilicity to the ability of the zeolite, containing silanol
groups, allowing it to interact and keep water trapped in its 3D cavity. The same behavior was observed in other studies,
as reported in the literature [62] using polymer fibers reinforced with zeolite. Hence, the PPF fiber membranes improved
the properties of wound dressing material by individual characteristics.

3.3 Antimicrobial and drug release—PPFCLX

PPF membranes were used to support the addition of cloxacillin (CLX) as an antibiotic model to be evaluated against their
antimicrobial activity and drug release. Initially, the SEM image of PPFCLX (Fig. 8a) exhibits the fiber formation presence
of beads of varying dimensions and randomly distributed in the fibers, as previously verified to PPF in Fig. 6a. Thus, the
CLX immobilization in the structure of the polymeric fibers did not affect the membrane morphology.

FTIR analysis (Fig. 8b) exhibited only the typical bands of PCL in PPF fiber membranes according to the literature
[63-66], masking the PEC and FAU presence because of their intense vibrations. PCL has a doublet between 2800 and
3000 cm™', corresponding to the symmetrical and asymmetrical stretching of the C-H bonds of the methylene group.
The band at 1720 cm™' corresponds to the vibrations of the carbonyl (C=0) present in the PCL structure, while the
bands at 1238 and 1165 cm™" refer, respectively, to the asymmetric and symmetric stretching of the C-O-C bond. The
bands referring to PEC are located at 3362 cm™, referring to the stretching of OH groups, and the bands near 2934 and
1496 cm™' correspond to the deformation of CH, groups [67]. The signal at 1720 cm™ also represents vibrations of the
carbonyl group present in the PEC, those at 1600 and 1410 cm™' indicate asymmetric and symmetric stretching of the
COO™ group, respectively. The vibrations of the C-O group are shown in the 1238 and 968 cm™" bands, the asymmetric
stretching of the O-C-O bond appears at 1142 cm™', and both the C-C and C-O groups vibrate in other regions. The
absence of detection may be because the most intense bands in the spectrum of PEC and PCL are related to groups that
vibrate in the overlapping areas (C=0, C-0, C-C, and C-H). For zeolite, observed bands in the 3700-3100 cm™! region
are related to the presence of OH™ anions in the structure, and a band in the 1660 cm™! region is associated with the
vibration of water hydration molecules [68].
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Additionally, it is possible to observe the presence of bands at 457 cm™" referring to the bending of the internal TO,
tetrahedra (T=Si, Al) and at 570-560 cm™"' associated with the bonding of the external double rings. These spectra also
show bands at 690-680 cm™' related to the symmetrical stretching of external bonds, while at 780-770 cm™, they are
associated with the symmetrical stretching of 4-membered rings. The bands at 990-970 cm™ are related to the asym-
metric stretching of the internal tetrahedra. The two most intense vibrational modes of FAU, at 970 and 457 cm™', are
related to the Si-O bond, coinciding with PCLs broad and intense vibrational modes.

The spectrum for cloxacillin in Fig. 8b reveals the presence of bands directly related to the structure of the drug.
At 3514 cm™', a prominent band is observed, referring to the presence of water molecules. In contrast, the band at
33,620 cm™! indicates the stretching of the N-H bond. The band at 1766 cm™ is related to the beta-lactam’s carbonyl,
while the secondary amide’s carbonyl absorbs at 1660 cm™'. The bands at 1619 and 750 cm™' refer to the aromatic ring,
while those at 1600, 1414, and 1335 cm™" are associated with the carboxylate ion. The C=N, N-O, N-C, and C-O bonds are
represented by the bands at 1496, 1294, 1213 and 1128 cm™, respectively. The spectrum agrees with the literature [69,
70]. In the PPFCLX spectrum, it was possible to verify bands of cloxacillin between 1598 and 1665 cm™, demonstrating
the drug incorporation in the membrane. The infrared spectra have overlapping bands for the different structures, but
they all prove their presence.

In the antimicrobial assays, initially, negative control of the PPF composite without the presence of CLX was maintained
in the presence of the bacteria S. aureus by time of 12 h at 36 °C (Fig. 9a). The results show that bacterial growth in the
presence of PPF was not inhibited, confirming that PCL, PEC and FAU have no bacterial activity. A positive control with
CLOX alone was also carried out to assess the inhibition of bacterial growth. Bactericidal activity was confirmed by an
inhibition halo with an enlarged diameter (Fig. 9b). This result was achieved due to the ease with which the antibiotic
diffuses into the culture medium when added in its free form. The inhibition of the growth of the S. aureus bacteria was
also confirmed when the PPFCLX composite was inoculated with the bacteria (Fig. 9¢). An inhibition halo of 28 mm
was achieved symmetrically around the small PPFCLX spheres. This result allows us to conclude that the antibiotic was
successfully immobilized in the composite and its release into the culture medium was not impaired, given the extent
of the inhibition halo. The evidence of bactericidal activity shows the composite’s potential for application as a wound
dressing. Its use inhibits the proliferation of S. Aureus in regions close to the application site and can accelerate wound
healing. This prolonged bactericidal activity can be achieved by maintaining adequate concentrations of the antibiotic
at the application site. Thus, confirming the release of the drug over time is a result of interest for medical applications
which was also investigated in this study.

CLX drug release was performed at underbody temperature (37 °C), constant stirring in ultrapure water (pH 6.6),
PO,3~ and CO,>~ buffer solutions (pH 5.5), simulating human-biological environments. CLX molecule has a water solu-
bility of 53 mg L™" and pKa equal to 2.78, presented in its deprotonated form. In Fig. 10a, it is possible to observe that
initially, the CLX is quickly released from PPFCLX. Still, the drug concentration decreased in sequence, especially by water
medium. This result can be attributed to the competitive release process and readsorption of CLX by membrane. Once
the experimental medium allows the drug accumulation, dynamic transference does not occur. The released CLX in the
simulated experiment was not consumed by any process being re-absorbed by the PPFCLX. In the biological process, the
available drug is absorbed by skin cells, and its concentration in the body fluids is replenished continuously. This result
indicates the affinity of the cloxacillin drug with the PPF membrane. In the literature [71, 72], membranes are usually
applied to remediate contaminant molecules, including drugs. Differences in the adsorption of CLX can be associated
with the stability of the drug in suspension by electrostatic or Van der Waals interaction [73, 74]. A higher decrease in
the water medium was observed, followed by PO,*~ and CO;~ buffer.

The release behavior in Fig. 10b exhibits a maximum value available that was less than the 1 h of exposition. The CLX
concentrations reached were 5.56+0.01 mg L™ in water, 6.18+0.02 mg L™" in PO,*" buffer,and 1.21+0.10 mg L™ " in
CO32‘ buffer (Fig. 10b). Additionally, the plateau found were kept stable until 10 h evaluated, indicating the maximum
amount released in the experimental condition. In the case of CO32‘ buffer, this one shows its instability, involved in a
dynamic process forming CO, gas [75]. The exciting thing about the CO5%" buffer is the simulation of internal body fluids
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and the gastrointestinal system. However, CO, formation induces pH instability and bubbles formation, affecting the
drug dissolution and the diffusion layer close to the surface of the delivery system [76]. Thus, the ion effect of CO,*~ and
PO43‘ buffer (Fig. 10b) in CLX release demonstrated the importance of the external parameters as buffer characteristics:
type, capacity, and ionic strength are essential to the releasing behavior [77].

Hence, the results prove that the PPFCLX can release CLX by transferring it from the membrane to an external medium,
indicating that it is an alternative material to be a drug carrier. Thus, the release results associated with the bactericidal
activity (Fig. 9) demonstrate that CLX was efficiently immobilized. The nanocomposite can be applied as a potential drug
delivery to wound dressing, helping to heal and control the proliferation of microorganisms.

4 Conclusions

This work developed PPFCLX nanocomposite fibers by electrospinning, containing the cloxacillin antibiotic for applica-
tion as a controlled-release antimicrobial membrane. The PEC addiction in PP fibers showed hydrophobic properties
and stable degradability in phosphate buffer conditions simulating human skin pH (5.5). These results are attributed
to the lower PEC amount of blended PCL, even with 10% (w w™") added to the initial polymeric solution. PPF fibers
inserting 2.5% FAU resulted in membranes with better tensile strength properties. The nanocomposite PCL:PEC:FAU
(PPF) with 2.5 (w w™') insertion increased the resistance to fracture from 0.63 +£0.03 to 3.1 +0.3 MPa, exhibiting a better
mechanical response. The CLX (20%) antimicrobial properties were proven from Staphylococcus aureus (Gram-positive)
growth inhibition assays. Furthermore, simulating temperature (37 °C) and cell pH in the CLX release assays with differ-
ent solutions (water, PO43‘ or CO32‘ buffer, pH equal to 5.5 and 5 mmol L™"). A continuous releasing of CLX exhibited
in the first 3 h for water (5.56£0.01 mg L™") and the PO,>" buffer (6.18 £0.02 mg L™") superior values than found in the
C0;%” (1.21+0.10 mg L™"), maintained constant during until 10 h. In this way, the system proposed that PPF presented
desirable properties such as greater hydrophobicity, resistance to traction, bactericidal activity, and antibiotic release,
showing potential material such as membranes for wounds.
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